Ground-based, microgravity experiments attained by aircraft parabolic flight and drop tower on flame spread phenomenon over electric wire are performed. These are the preliminary tests for expected long-term microgravity experiments by sub-orbital or on orbit microgravity experiment. The main objectives of this study are (1) to confirm the apparatus can be work properly in microgravity and (2) to show the necessity of long-term microgravity experiments in order to observe the unsteady phenomenon. The flame spread rate and the total soot volume are important items as fundamental characteristics of the spreading flame. From the parabolic flight test, which can provide relatively long microgravity period, it is confirmed that the apparatus can work properly in microgravity. On the other hand, the quality of microgravity provided by aircraft is fair including G-jitters, and dependable data in the slow external flow velocity regime is hardly expected. Flame spread rate and the total soot volume are measured by drop tower, which can provide 10^-4G microgravity environment. Although, in some conditions, the flame spread phenomenon seems to reach steady-state within the available microgravity time with the drop tower (~ five seconds), the phenomenon includes periodical change in flame shape in reality. Consequently, to confirm the actual steadiness of the spread phenomenon, at least 10^-4G microgravity environment and long-term microgravity environment is necessary.
Introduction
Fire in spacecraft is mainly caused by short circuit of electric wire and subsequent flame spreading over the wire insulation [1] . Thus, it is important to understand the flammability of electric wire under microgravity in terms of ignition and flame spreading to prevent fire in spacecraft. Generally, combustion phenomenon is strongly influenced by environmental gravity and particularly solid combustion has relatively longer time scale than other kind of combustion phenomenon [2] .
Then, it is difficult to understand the flammability of solid material in microgravity only by using ground-based microgravity facilities such as drop tower and aircraft parabolic flight, due to limited microgravity period and quality. Therefore, long-term microgravity experiments such as sub-orbital space flight experiments are expected to know the actual flammability in microgravity.
On the other hand, since the opportunities of future long-term microgravity experiments are quite limited, ground-based short-term microgravity experiments are also important to decide the experimental conditions, parameters and measurement items for future long-term microgravity experiments and to confirm that the experimental apparatus can work properly during experiments in space as a simulation of space experiments.
In the paper, results of ground-based experiments, as preliminary tests for the sub-orbital microgravity experiments are introduced. Further justification of long-term microgravity experiments for solid combustion research is shown by describing what kind of results are obtained and what kind of assignments are found out after the ground-based microgravity experiments.
Experimental

Setup
The experimental setup is designed to investigate the flame spread over electric wire in opposed air flow simulating weak ventilation in spacecraft. The picture and outline of the experimental setup designed for future long-term microgravity experiments are shown in Figure  1 , 2 and 3.
It is mainly composed of combustion chamber, flow duct, current supply source, light source, and sample wire. The flow duct has an air suction fan at the left end of the duct to give the parallel flow to the sample wire. The air flow velocity in the duct is controlled by electric voltage supplied to the fan. The igniter is set at the left end of the wire and the flame spreads opposed to the air flow direction. 
Experimental parameters
Various parameters are selected in the experiments; such as oxygen concentration (21, 30, 50%), external air flow velocity (0, 6, 10, 15, 20, 25cm/s) which simulates weak ventilation in spacecraft, and gravity level (0 or 1G). Ambient pressure and temperature is fixed at about 100kPa (atmospheric pressure) and 296K (ambient temperature), respectively.
Measurement items
Measured items are the flame spread rate and the soot volume fraction. The flame spreading phenomenon is recorded by digital video cameras as seen in Figure 3 and analyzed by an image processing technique. The backlight images are taken by another video camera with band-pass filter (center 546nm, full width half maximum (FWHM) 10nm) based on the configuration in Figure 2 . The soot volume fraction is determined by light attenuation ratio based on the Beer-Lambert law [3] . Figure 4 is outline of the sample wire, and Table 1 is specifications of the wire. 
Tested samples
Ground-based facilities
Ground-based microgravity experiments are attained by two types of facility, drop tower and aircraft parabolic flight.
Diamond Air Service (Aichi, Japan) called DAS is aircraft microgravity facility. It can provide relatively long microgravity period, but the quality of microgravity is fair, which includes some G-jitters. The characteristics of DAS microgravity experiment are shown in Table 2 .
In the present work, the aircraft parabolic flight experiments have been utilized to confirm that the apparatus can work properly to attain successive microgravity experiments; such as refreshing the sample wire, taking the experimental movie, and measuring soot volume fraction and temperature history around combustion field. Micro-Gravity Laboratory of Japan (Gifu, Japan) called MGLAB is drop tower microgravity facility. It can provide high quality microgravity condition, but the microgravity period is limited. The characteristics of MGLAB are shown in Table 3 .
In the present work, drop tower microgravity experiments have been performed to observe the initial behavior of the objective phenomena within a limited duration. 
Result and Discussion
Observation of flame shape
Aircraft parabolic flight and drop tower experiments had been conducted using the apparatus that designed for future long-term microgravity experiments as shown in Figure 1 . After that, it is confirmed the apparatus works properly in the sequential microgravity tests as the simulation of sub-orbital microgravity experiments. It is effective to conduct aircraft experiments to confirm the readiness of the experimental setup when it is modified or the new device is added to the setup because the aircraft experiments has a lot of similarity to the sub-orbital microgravity experiments except gravitational condition. Table 4 . The flame shape in microgravity becomes axisymmetric to the wire axis because there is no effect of buoyancy force. On the other hand in normal gravity; the flame plume moves upward by the effect of natural convection. The melting ball in microgravity runs along the sample wire axisymmetrically as same as the flame, but in normal gravity; it hangs on the wire by gravity force. When oxygen concentration increases (not shown in the figure) , the luminosity of the flame becomes higher, which implies increased flame temperature with increase in O2 concentration.
Flame spread rate
The flame spread rate is used to assess the flammability of the sample wire. Generally, higher flame spread rate indicates higher flammability. The flame spread rate is derived by the history of flame front position as shown in Figure 6 . This picture is taken at MGLAB under the oxygen concentration of 30 vol. % in an opposed air flow velocity of 15 cm/sec. The setups of the video camera are same as Figure 5 . The LED which is set at the left side on the captured image is the base point to measure the flame front position. The flame front position is measured at 30 times per one second as shown in Figure 7 . The flame spread rate is defined as the gradient of the graph in this research. Figure 8 shows an example of the flame spread rate vs. air flow velocity at the condition of 30 vol.% of oxygen concentration in both ground-based microgravity facilities and on the ground.
It is readily understood that each flame spread rate shows different tendency. Particularly, the difference at low air flow velocity conditions is substantial. One of the potential reasons to cause the difference is the difference among flame temperatures of threecases. On the ground, the flame temperature is highest due to highest amount of oxygen supply brought by natural convection. In microgravity, it is speculated that the flame temperature in aircraft (DAS) microgravity experiments is higher than the flame temperature in drop tower (MGLAB) due to increased oxygen supply brought by aircraft G-jitter and weak natural convection, which is reasonable according to the previous research on soot formation [3, 6] and theoretical and numerical consideration on wire combustion [7, 8-] .
As seen above, it is readily understood that the flame spreading phenomenon is strongly influenced by gravitational condition. Thus, it comes to tend to think that drop tower facility is strongly recommended to the experiments on flame spreading phenomenon under microgravity.
On the other hand, drop tower experiments are always suffered from the limitation of microgravity time especially for the condition of longer time scale, such as thicker sample wire and relatively low oxygen concentration. According to the graph, it is understood that the maximum fluctuation of temporal flame spread rate is approximately 0.5mm/sec and it seems that the flame spreadphenomenon reaches steady-state.
On the other hand, figure 9 (b) is the same graph as (a) in 0 and 25 cm/sec opposed air flow velocities. The only difference is time for averaging. The plots in (b) are gradients for 1 second. In this graph, the temporal flame spread rate shows a periodical fluctuation. Fig. 9 (b) ). Those are captured at every 0.5 seconds after the drop.
According to figure 10 (a), the flame is spreading with evident periodic change in flame shape during the drop. Particularly, the flame at 0.0, 1.0, 2.0 and 4.0 seconds have deformed shape normal to the sample wire(arrows are pointing the part of deformed flame). These periodic changes in shape implied that the flame spread phenomenon includes some cyclic fluctuation physics. Figure 9 (b) is the result of that kind of cyclic fluctuation.
After that, it is suggested that flame spread rate averaged for 2 seconds is convenient to evaluate general flammability of sample wire. On the other hand, the flame spread rate averaged for 1 second is good to investigate the cyclic unsteady phenomena included in the flame spread phenomenon.
In figure 10 (b) obtained at 25 cm/sec, the flame shapes seems to be almost similar during the drop. Therefore, the characteristics of time-dependent flame spread rate change is not so different irrecpective of averaging time between as seen in Fig. 9 (a) and (b) . Fig. 10 (a) . Sequential change of flame shape at 0cm/s (30 vol. % of oxygen concentration, 0 cm/sec opposed air flow). As seen above, the drop tower microgravity experiments are useful to assess the combustion characteristics though the microgravity time is limited. However, it is difficult to grasp all unsteady processes included in the flame spread phenomena within 4.5 seconds. Especially, it difficult to know whether the fluctuation of the flame as shown in Fig. 10 (a) is observed only just after the drop or continue for a long time. Determination of this requires longer microgravity period than drop tower like sub-orbital space flight. Figure 11 is backlit image of spreading flame along the wire in microgravity. The setups of the video camera for backlit image are shown in Table 5 . The soot distribution appeared as the black shadow. Figure 12 shows the total soot volume vs. opposed air flow velocity at the condition of 30 vol. % of oxygen concentration in both ground-based microgravity facilities. The total soot volume is calculated from the soot volume fraction distribution given from attenuation ratio of the original backlight intensity by using Beer-Lambert Law as attained in Ref. [3] . It is readily understood that the qualitative trend of total soot volume change vs. approaching air flow velocity is similar for both experimental facilities. There is an air flow condition to give the maximum soot volume. Soot volume decreases in quiescent case and higher velocity condition than a given air flow velocity. Another important issue of the figure is the quantitative difference of the soot volume depending on the microgravity facility. The total soot volume tends to be larger with DAS experiments than that of MGLAB. A most potential reason of the difference is the the difference of flame temperature as mentioned previously. Flame temperature in microgravity is controlled by the supply rate of O2 into the flame region. The presence of G-jitter could enhance the diffusion of O2, which results in higher flame tmeprature. When temperature increases, release rate of paralyzed gas from the sample surface increases and rate of soot formation reaction is enhanced. The results of Fig.12 suggest that the high quality microgravty environment is required to determine soot formation of solid combustion. Figure 13 shows the history of total soot volume change during the drop taken under the condition of 30 vol. % oxygen concentration in opposed air flow velocity of 10 cm/sec. According to the figure, soot volume seems to be almost constant during the drop period, while slight fluctuations can be observed. This results implies that the time scale of soot formation process is short and ground-based short-term microgravity experiments (MGLAB) can work to obtain the general trend of soot formation as a function of approaching air flow velocity. Consequently, high quality microgravity environment is the primary request to determine soot formation characteristics.
Total soot volume
As a summary of the above observation, investigation of wire insulation flammability from the view of fire safety in space, which includes both flame spread phenomena and soot formation characteristics, requires length of microcrovity period as well as high quality microgravity environment. 
Concluding Remarks
In the present paper, some ground-based short-term microgravity experiments have been attained to discuss the justification of long-term microgravity experiments of flame spread phenomena over wire insulation. The results may be summarized as follows;
(1) The flame spread phenomenon has two types of unsteadiness; large time scale one relating to the transition from 1G to microgravity, and short time scale one embedded in the average flame spreading such as cyclic fluctuation of flame shape and spread rate. To grasp the all physical process long-term microgravity experiments are requisite. (2) Quality of microgravity environment has significant impact on the determination of flame spared rate in low external air-flow conditions through the change in flame temperature. (3) The investigation of soot formation around the wire insulation requires high quality microgravity environment, while its time scale is not so long.
